A B S T R A C T The rarity of hemoglobin (Hb) H disease in combination with sickle trait may be due in part to the absence ofactual Hb H in individuals who, nonetheless, have inherited the deletion of three a-globin genes. We describe here a boy with persistent microcytic, hypochromic anemia despite adequate iron stores, who exhibited splenomegaly with a normal reticulocyte count and only rare inclusions in circulating erythrocytes. Starch gel electrophoresis and isoelectric focusing at age 5 yr showed 21% Hb S, persistent Hb Bart's, but no Hb H. Recticulocyte a/non-a globin chain synthesis ratio was 0.58 at age 5. The mother (Asian) had laboratory evidence of a-thalassemia trait and the father (Black) had sickle trait. The nature of a-thalassemia in this patient was investigated both by liquid hybridization and by the Southern method of gene mapping, in which DNA is digested with restriction endonucleases and the DNA fragments that contained the a-globin structural gene identified by hybridization with complementary DNA. The patient had only one a-globin structural gene, located in a DNA fragment shorter than that found in normal or a-thalassemia trait individuals, but similar to that present in other patients with Hb H disease. Morphologic studies of bone marrow by light and electron microscopy revealed erythroid hyperplasia with inclusions in polychromatic and orthochromatic erythroblasts, suggesting early precipitation of an unstable hemoglobin. The lack of demonstrable Hb H may be the result of both diminished amounts of(A available for Hb H formation (since one 8-globin gene is (3s) and the greater affinity of a-chains for (3A than 8s-globin chains leading to the formation of relatively more Hb A than Hb S. The pres-
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I NTRODUCTION
Simultaneous inheritance of a-thalassemia and structural abnormalities of the (3-chain frequently modifies the usual clinical expression of the f8-globin mutation ( 1-13). For example, observation of the nature of sickle cell anemia in several individuals who have also inherited a-thalassemia trait has suggested in some cases (4-6), but not all (7, 8) , a favorable effect of the athalassemia gene on the clinical severity of sickle cell anemia. a-Thalassemia with sickle cell trait consistently results in a lower than usual percentage ofhemoglobin (Hb)S (9) (10) (11) (12) (13) . We have investigated a child with sickle trait and microcytic anemia whose Asian mother had a-thalassemia trait and whose Black father had sickle trait. The very low percentage of Hb S suggested that both a-thalassemia trait and sickle cell trait were present, but the presence of splenomegaly, extreme microcytosis, and bizarre erythrocyte morphology, features not seen in a-thalassemia trait, stimulated further investigation.
Analysis of DNA from this child by molecular hybridization and gene-mapping techniques revealed that three of the four a-globin genes normally found were deleted, thus unequivocally demonstrating the presence of the Hb H genotype. Paradoxically, Hb H was not identified in hemolysate from either peripheral blood or bone marrow, although inclusion bodies could be found in occasional erythrocytes in both places. The biochemical nature of these inclusions was not determined, but the appearance in early erythroid progenitors suggested a greater degree of instability than that associated with Hb H (14) (15) (16) . This patient, who represents the unusual coincidence of Hb H disease with sickle trait, demonstrates how the inheritance of a j8-globin structural mutation can modify the phenotype of Hb H disease sufficiently to alter the usual clinical picture. In such patients, accurate genetic analysis is impossible unless the new techniques of molecular hybridization and gene mapping are used.
METHODS
Hematologic values. Hemoglobin levels and erythrocyte indices were obtained with a model S Coulter counter (Coulter Electronics Inc., Hialeah, Fla.). Bone marrow differential counts were performed by counting at least 500 cells. Cellulose acetate electrophoresis was performed in Tris-EDTAborate buffer at pH 8.4 (17) . Hb A2 was determined by microchromatography (18) . Fetal hemoglobin was determined by alkali denaturation (19) . Hb H preparations were made by mixing one part of fresh whole blood with two parts of 1% brilliant cresyl blue (BCB)l in 0.9% NaCl and incubating at 37°C for 1-3 h.
Hemoglobin and globin analyses. Globin chain svnthesis wvas measured in vitro with fresh heparinized peripheral blood or bone marrow, as described by Kan et al. (20 6.4 accordinig to the method of Salmon et al. (24) . The strips were stained with Ponceau S and decolorized with 3% acetic acid.
Electron microscopy. Specimens of bone marrow and blood w%ere immediately fixed in 1.5% buffered glutaraldehyde at 220C, postfixed in OS04, and processed for examiniation by transmission electron microscopy, as described (25) .
Other samiiples were prepared for scanning electron microscopy by critical-point drying and coated with gold-platinum.
'Abbreviations used in this paper: BCB, brilliant cresyl blue; cDNA, complementary DNA; kb, kilobase pairs; HI), hemoglobin.
Liquid hybridization. DNA from the patient, his mother, and controls with hydrops fetalis, Hb H disease, a-thalassemia trait, and normals was prepared from leukocytes, liver, or spleen by sodium dodecyl sulfate-pronase digestion and phenol extraction. The RNA was digested with ribonuclease and the DNA reduced to 2 x 106 daltons by limited depurination (26, 27) . a-globin complementary DNA (cDNA) was prepared as described (26, 28) . The a-cDNA (1,000 cpm) was incubated for 76 h at 78°C in duplicate 20-1.l reaction mixtures containing 100 ,ug cellular DNA, 8 pg a-cDNA, 500 cpm of
[3H]dCTP-labeled unique sequence HeLa DNA as internal control, 0.5 MI NaCl, 0.002 NI EDTA, and 0.04 I Tris-HCl (pH 7.4). The percentage of a-cDNA annealed was assayed by batchwise elutioi wvith hydroxylapatite (29) .
Restriction endonuclease analysis of DNA. DNA was prepared from the leukocytes of the patient, his mother, a-thalassemia trait, silent carrier, Hb H disease, and normal controls, as described (30) . 10 yg of human DNA and 1 ug of X-DNA (as internal size marker) were digested for 4 h at 370C with 1.25 U of Eco RI or Hpa I per microgram of DNA. The buffer for Eco RI digestion contained 100 mX1 Tris-HCI (pH 7.5), 50 mM NaCl, 6 mM MIgCl2, and 6 mnM 2-mercaptoethanol, and for HpaI digestion, 6 mnM Tris-HCI (pH 7.5), 26 mM NaCl, 6 mM \1gCI2, and 6 mnM 2-mercaptoethaniol. The samples wvere precipitated in alcohol, dried and resuspended in 30 ILI of 5 mMI Tris (pH 7.5), 0.1 mM EDTA. The digested DNA's were electrophoresed in 0.8% agarose and then transferred to nitrocellulose filters (31) . The filters were hybridized with 32P-labeled a-and 8-globin cDNA ( Table I . Erythrocyte morphology has consistently resemiibled that of Hb H disease, with hypochromia, poikilocytosis, fragments, spherocytes, and target cells evident on the peripheral blood smear (Fig. 1A and B) . BCB stains revealed no Hb H inclusions in the circulating ervthrocytes at age 1 or 2 yr. An occasionial inclusion-containiing cell was evident at age 5 yr (Fig. IC  and D) . Hemoglobin electrophoresis has been consistent with sickle trait, but with an unusually low percentage of Hb S, persistence of Hb Bart's and elevated Hb F (Table I) . Bone marrow aspirate and biopsy showed erythroid hyperplasia (myeloid:erythroid ratio, 1:2), a findinig in apparent contradiction to the repeatedly normal reticulocyte count. The percenitage of early erythroid precursors (proerythroblasts, 5%; basophilic erythroblasts, 22%) was markedly increased, while polychromatophilic anid orthochromatic erythroblasts were present in normal numbers. Methyl violet andcl BCB stainis of the bone marrow showed the samne frequeney of hemoglobin inclusions as in the peripheral blood. Famiily studies confirmed that the Black or other abnormal fast hemoglobins were found. Thinlayer isoelectric focusing also showed only hemoglobins Bart's, A, F, S, and A2. Column chromatography, (Fig. 3 ) also failed to detect measurable amounts of Hb H or other fast hemoglobins, except for Hb Bart's. Globin electrophoresis was used to confirm the identity of each hemoglobin eluted. The first peak eluted contained y-chains; the second, a-and y-chains; the small shoulder and the third peak contained a and AA; the fourth, a and 8; and the last peak, a and Bs. Bs-chains were found only in the Hb S fraction, ruling out the possibility that 8s tetramers were present elsewhere, but hidden because they eluted with another hemoglobin. Only the Hb Bart's fraction was composed of a single globin chain, which migrated to the y position, as expected. Hemoglobin analysis of a bone marrow hemolysate by starch gel and column chromatography gave virtually identical results to those found in peripheral blood. The bone marrow percentages were Hb Bart's, 1.4%; Hb F, 6.1%; Hb A, 72.5%; Hb A2, 3.6%; and Hb S, 16.4%.
Electron microscopy of bone marrow. Numerous dense amorphous inclusions of varying sizes, comparable to those seen in the bone marrow of patients with B-thalassemia major (33, 34) were seen in reticulocytes and orthochromatic (Fig. 4A ) and polychromatic erythroblasts (Fig. 4B ). Although these were generally not membrane-bound (Fig. 4A) , in a few instances they were contained within autophagic vacuoles (Fig. 4B) , as has also been described in 8-thalassemia (33, 35) . The frequency of inclusions corresponded to that seen on methyl violet stain. Many of the mature erythrocytes appeared very thin and distorted, as can be seen in the scanning electron micrographs (Fig. 4C and D) , because of poor hemoglobinization, a common finding in thalassemia (34) . Occasionally small pits (Fig. 4C) could be detected. Similar pitting of erythrocytes has previously been noted with Nomarski optics in individuals with Hb H disease, even those with intact spleens (14) .
a-Globin-cDNA liquid hybridization. Because hematological, family, and globin chain synthesis The patient has hemoglobin Bart's, as well as A, F, and S. studies were inconclusive, additional studies were done to analyze the a-globin genes directly. Fig. 5 shows the percent annealing of 32P-labeled a-globin cDNA to DNA from the propositus, his mother, and controls. DNA Although the globin chain synthesis studies demonstrated deficient a-chain production, the results were consistent with either a two gene or three gene deletion (32) . A decreasing a/non-a ratio with increasing age, as seen in the propositus, has been previously noted in patients with a-thalassemia (37) and may be related to the switch from fetal to adult hemoglobin production. No ready explanation is apparent for the decreasing 13A:f8s ratio noted with age. The more normal a/non-achain ratio seen in bone marrow, as compared to peripheral blood, has also been reported in some patients with a-thalassemia (38) .
A more precise definition of the nature of the thalassemia defect was obtained by molecular hybridization studies. Liquid hybridization with a-globin cDNA was clearly compatible with deletion of three a-globin genes, the typical genotype of Asian Hb H disease (27) . Restriction endonuclease gene-mapping techniques also clearly delineated the presence of only a single a-globin gene. It is important to note that athalassemia trait, with deletion of the two a-globin genes in trans, also results in a restriction endonuclease digest of two identical, but smaller than normal, 19 kb a-globin DNA fragments, like the Eco RI pattern seen in the patient and in other individuals with Hb H disease (39) . However, the patient could not have inherited a-thalassemia trait in trans, since the DNA digest from the mother showed only a normal size 23 kb a-globin DNA fragment, consistent with cis-a-thalassemia trait, where one chromosome has two intact aglobin genes and the other is devoid of a-globin genes. The patient, therefore, inherited his single intact aglobin gene from his Black father, who presumably was a silent carrier of a-thalassemia (genotype, -alaa). The silent carrier state is actually quite common in Blacks, with a frequency of 24% by restriction endonuclease gene mapping (40) .
Hb H disease has never before been reported in a patient with sickle trait. Although the incidence of Hb H disease in Blacks is admittedly low (40) (41) (42) , the apparent rarity of the combined defect may also be a result of the lack of a readily available means of detection, since Hb H is not always present in measurable amounts. Although other patients with a ,-chain abnormality and a suspected Hb H genotype, but without 4A tetramers have been described (1, 5, 14, (43) (44) (45) (46) , direct demonstration of the a-globin gene defect has not previously been possible.
There (50) or electron microscopy (14) , but do not appear in peripheral blood except after splenectomy. The distribution of inclusions in our patient to some degree resembles both ,3-thalassemia and Hb H disease. As in f8-thalassemia, some inclusions are seen in the younger polychromatophilic erythroblasts, and may be responsible for rapid intramedullary hemolysis, as indicated by the large proportion of immature erythroid forms in the face of a low reticulocyte count. However, a few cells containing unstable hemoglobin do reach the peripheral blood (Fig. 1) , where they are presumably destroyed in the spleen.
